Haplotype Characterization of the sd1 Semidwarf Gene in United States Rice Brijesh Angira, Christopher K. Addison, Tommaso Cerioli, Democrito B. Rebong, Diane R. Wang, Nathan Pumplin, Jong H. Ham, James H. Oard, Steven D. Linscombe, and Adam N. Famoso* ABSTRACT Plant height is an important target in US rice (Oryza sativa L.) breeding programs and the large effect of the sd1 semidwarf gene makes it a suitable target for marker-assisted selection. Although the deletion underlying the semidwarf allele is known and a gel-based DNA marker is available, this marker is not ideal for applied breeding because of throughput and cost constraints. The objectives of this study were to characterize the haplotype diversity at the SD1 locus within US rice germplasm and develop a single nucleotide polymorphism (SNP) assay for breeding applications. The International Rice Research Institute (IRRI) SNP-Seek database was used to characterize the haplotype diversity present at the SD1 locus across a set of rice accessions and seven haplotypes were identified. The US rice germplasm was not well represented in the IRRI database, so a set of six SNPs was identified that could differentiate all detected haplotypes. These SNPs were designed into Kompetitive allele specific polymerase chain reaction (KASP) assays and screened across 359 elite US genotypes. Of the seven haplotypes, two were present within the US germplasm, one of which was the semidwarf deletion allele. A third haplotype was observed within the US medium-grain germplasm and demonstrated to be a semidwarf allele derived from the induced mutation in the 'Calrose76'. Two SNPs were identified that distinguish the three SD1 haplotypes present in the US germplasm. These SNPs were validated across the US germplasm and two biparental populations. B . Angira, J.H. Oard, S.D. Linscombe, and A.N. Famoso • Genomic data from diverse germplasm used for application in targeted breeding germplasm.
• Six SNPs identified that can characterize all haplotypes present at SD1 locus in diverse rice.
• Three alleles of the SD1 gene identified in US rice germplasm including two semidwarf alleles.
• Two SNPs identified and validated that differentiate the SD1 allele present in US germplasm.
• KASP assays designed for both SNPs for use in highthroughput breeding applications.
The source of the semidwarf trait in IR8 was a Taiwanese semidwarf landrace variety DGWG (Dee-gee-woogen), which grew 90 to 100 cm tall. IR8 was derived from a cross between DGWG and Peta, a landrace variety that grew to 180 cm in height (Dalrymple, 1985) . The genetics of this semidwarf trait has been extensively studied and demonstrated to be caused by a 383 bp deletion in the gene Gibberellin 20-Oxidase, commonly referred to as sd1 (Sasaki et al., 2002; Spielmeyer et al., 2002) . Dee-geewoo-gen was also used to develop a Taiwanese semidwarf variety named Taichung Native 1 (TN1). Both IR8 and TN1 are from the indica subpopulation and were used as donors for introducing the semidwarf trait into US rice germplasm. United States rice has predominantly japonica ancestry, with long-grain varieties being primarily tropical japonica and medium-grain varieties being primarily temperate japonica (Ni et al., 2002; Zhao et al., 2010) . Previous genetic studies have documented a clear indica introgression flanking the SD1 locus in US semidwarf varieties (Zhao et al., 2010) .
In addition to the DGWG allele, a novel semidwarf mutation was induced through irradiation of Calrose seed in California, resulting in the semidwarf mediumgrain variety Calrose76 (Sasaki et al., 2002) . The Cal-rose76 mutation was demonstrated to be in the same Gibberellin 20-Oxidase gene, but is the result of a C > T point mutation at position 38,383,363, based on the International Rice Genome Sequencing Project (IRGSP) V.1 annotation (Spielmeyer et al., 2002) . Another reported semidwarf mutant, Short Mars, was used in the development of the Louisiana semidwarf medium-grain variety 'Mercury' (McKenzie et al., 1988) . Mercury is a key contributor to the pedigrees of modern-day mediumgrain varieties in the southern United States. The Short Mars semidwarf allele could be present in modern medium-grain, semidwarf germplasm.
In 2017, semidwarf rice varieties accounted for 80% of the rice acres grown in Louisiana and 55% of the total US rice acreage (Salassi et al., 2018) . The demand for both semidwarf and conventional height rice varieties has driven the continued development of new varieties of each class. When crossing between semidwarf and conventional height varieties, there is drastic segregation for plant height, which can take several generations of selection to obtain a homogeneous line. The ability to select for the desired semidwarf allele of the SD1 gene as a markerassisted selection target prior to field evaluation would be beneficial. Although DNA markers have been reported for the DGWG sd1 deletion allele, these markers are primarily gel-based and not amenable to the high-throughput needs of a breeding program. The Louisiana State University AgCenter Rice Breeding Program includes a large molecular breeding component, which is based on KASP marker chemistry (He et al., 2014; Semagn et al., 2014) . This KASP platform facilitates much lower cost per data point and much higher sample throughput than gel-based assays. The objectives of this study are to characterize the alleles present at the SD1 locus within modern, elite southern US rice germplasm and to identify and develop KASP SNP markers for use in high-throughput marker assisted selection and variety fingerprinting.
MATERIALS AND METHODS
Haplotype Characterization of the SD1 Locus across International Rice Research Institute 3K Dataset Single nucleotide polymorphism and insertion-deletion (InDel) data of the SD1 gene (LOC_Os01g66100) was obtained from the International Rice Informatics Consortium SNP-Seek database from the filtered 3 kb SNP dataset (www.iric.irri.org) (Alexandrov et al., 2014; Mansueto et al., 2017) . The dataset consisted of 3024 genotypes with 97 SNPs in the SD1 gene region. Heterozygous SNP calls were considered as missing data.
There are 12 insertions or deletions in the SD1 gene based on the InDel calls in the SNP-Seek database. However, the known 383-bp deletion was not detected in the InDel dataset as a deletion, but lines expected to have the deletion exhibited missing data in the target region. Thus, we defined the presence of the deletion in the 3K genotypes based on missing data at the deletion site. The functional 383-bp deletion (Spielmeyer et al., 2002) was observed between positions 38,382,790 and 38,383,144 of IRGSP V.1. A total of 17 SNPs were present in the deletion region. Genotypes in the dataset were considered to have the deletion if 15 or more SNPs in the region had missing data, while a nondeletion genotype was considered if five or fewer SNPs had missing data, and the remaining genotypes were assigned as unclear.
Single nucleotide polymorphisms with missing data >0.1 across all the genotypes were omitted from the analysis. Genotypes with missing data >0.2 across the 86 SNPs, excluding deletion in the SD1 locus, were also omitted from the analysis. After these filtering steps, the resulting dataset had 3002 genotypes (3K germplasm) and 86 SNPs within the SD1 gene. Initial haplotype characterization and assignment was accomplished using this dataset. A SNP haplotype group was defined as having the identical alleles at all SNP loci. Haplotypes present in 50 or more genotypes (0.015) were considered as haplotype groups, and the remaining haplotypes were classified as rare and excluded from further analysis. Genotypes that could not be characterized because of missing data were grouped as missing and were omitted from further analysis.
The initial SNP haplotype characterization identified six haplotype groups (Hap1-Hap6), which accounted for 0.92 of the 3K germplasm. Subsequent classification of Hap1 into the semidwarf (Hap1-sd) or wild-type (Hap1-WT) alleles was conducted by the presence or absence of the 383-bp deletion. Genotypes with the deletion were classified as Hap1-sd, and those without the deletion were classified as Hap1-WT ( Fig. 1a ). Genotypes that could not clearly be classified with the presence or absence of the deletion in SD1 gene, could not be assigned to either Hap1-sd or Hap1-WT, therefore they were assigned as unclassified and omitted from further analysis. The haplotype assignment resulted in seven haplotypes (Hap1-sd, Hap1-WT, and Hap2-Hap6). Upon determining the presence of a second semidwarf allele within the US medium-grain germplasm, a new haplotype group, Hap2-sd, was defined from Hap2 based on the presence of a T allele at SNP7 (38, 383, 363) . The Hap2sd allele was not considered during initial haplotype characterization of the 3K germplasm as it was only present in five genotypes.
Haplotype Similarity Study
Haplotype similarity among the 3K haplotypes ( Fig. 1b ) was conducted using the Multiple Sequence Alignment by CLUSTALW online tool available at https://www. genome.jp/tools-bin/clustalw (accessed 6 Feb. 2019). The SNP profile obtained from the SNP-Seek database for each of the characterized haplotypes contained 86 SNPs including 17 SNPs in the sd1 deletion region. For haplotype similarity analysis, the SNPs in the deletion region were omitted and one SNP from outside the sd1 region (SNP6) was included. This SNP accurately accounted for the presence or absence of the deletion. The SNP sequences were converted into FASTA file format and analyzed using slow-accurate method of pairwise alignment and weight matrix method in the CLUSTALW for DNA (Thompson et al., 2003) .
Minimum Single Nucleotide Polymorphism Set and Kompetitive Allele Specific Polymerase Chain Reaction Assay Development
Upon assigning the 3K germplasm to the haplotype groups based on the 86 SNPs in the SD1 gene, a set of five SNPs was identified that effectively assigned the genotypes into correct haplotype groups. None of the SNPs within the SD1 gene were able to distinguish the deletion from nondeletion allele. Therefore, additional SNPs were retrieved from 50 kb upstream and downstream of the SD1 gene. The alleles of each SNP were correlated to the 383-bp deletion and nondeletion to identify a SNP in strong linkage disequilibrium (LD). This SNP was added to the minimum SNP set. The minimum SNP set was comprised of six SNPs after this addition. Using the Ricebase database (Edwards et al., 2016) , 100 bp of flanking sequence was extracted for each SNP, and the SNPs were developed into KASP assays for screening across US germplasm. Kompetitive allele specific polymerase chain reaction genotyping was conducted on the US rice germplasm panel at the H. Rouse Caffey Rice Research Station using the LGC SNPLine system as described by LGC Group (https://www.lgcgroup.com/products/genotyping-instruments/snpline/#.XFCv91xKhaQ, accessed 2 Feb. 2019).
A PCR-based InDel marker was used to confirm the presence or absence of the functional deletion in the SD1 locus. The primers used for screening the deletion were obtained from Spielmeyer et al. (2002) : forward primer, 5¢-CAACTCACTCCCGCTCAACACAGC-3¢ and reverse primer, 5¢-GGCATTCCATTGTTTGTGATTGG-3¢.
The SNP marker identified to be associated with the functional Calrose76 semidwarf allele was identified using a previously published resequencing dataset (Duitama et al., 2015) . A region containing the SD1 gene along with 2000 bp of flanking data (chromosome 1: 38,380,382-38,387,504 bp of IRGSP V.1) was extracted from the Variant Call Format resequencing dataset and converted to plink format using BCFtools (https://samtools.github.io/bcftools/). The resulting data were visualized using TASSELv5.0 (Bradbury et al., 2007) . 
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United States Germplasm Panel
'LaGrue' ´ 'Cypress' Recombinant Inbred Line Population
A RIL mapping population (n = 288), derived from a cross between parents Cypress and LaGrue as part of RiceCap project (Oard et al., 2010) , was evaluated to quantify the effect of the sd1 semidwarf allele and map additional quantitative trait loci (QTL) for plant height genes. Seeds from this publicly available population (hereafter referred to as MY2) were acquired from the USDA Genetic Stocks Oryza in Stuttgart, AR. Cypress is a long-grain, semidwarf rice variety with an average height of 96 cm. It is known to have deletion allele of the SD1 gene (Linscombe et al., 1993) . LaGrue is a long-grain, standardheight rice variety with an average height of 108 cm (Moldenhauer et al., 1994) . Publicly available plant height data (Oard et al., 2010) 'Trenasse' ´ 'Jupiter' Recombinant Inbred Line Population A second RIL population was used to explore plant height variation in medium-grain germplasm. This population contained 286 RILs developed from a cross between Trenasse and Jupiter. Trenasse is a long-grain, semidwarf variety (Linscombe, 2007) , while Jupiter is a widely grown medium-grain, semidwarf variety (Sha et al., 2006) . This RIL population was phenotyped for plant height in 2017 and 2018 at the H. Rouse Caffey Rice Research Station, near Crowley, LA.
Quantitative Trait Loci Analysis
Quantitative trait loci analysis was conducted using the MY2 RIL population with plant height phenotype data from years 2006, 2007, 2016, and 2017 . Linkage map construction and QTL analysis of plant height was conducted using composite interval mapping implemented in QTL IciMapping version 4.1 (Wang, 2009; Meng et al., 2015) . The Kosambi mapping function was used for linkage map construction and the significant logarithm of the odds (LOD) threshold was calculated using 1000 permutations and Type I error rate. Additive QTL were detected using a 1.0 cM step in regression. The probability of 0.001 was used in stepwise regression.
RESULTS
Haplotype Characterization of the SD1 Locus across IRRI 3K Panel
The IRRI SNP-Seek database (http://snp-seek.irri. org) contained 97 SNPs in the 3-kb dataset across 3024 diverse germplasm genotypes at the SD1 locus (LOC_ Os01g66100) (Mansueto et al., 2016 (Mansueto et al., , 2017 . After initial filtering of SNPs and genotypes based on missing data, 86 SNPs and 3002 genotypes remained. Based on these 86 SNPs, six haplotype groups were identified at a frequency of >0.015. These six haplotypes accounted for 2769 (0.92) of the total genotypes. Two hundred thirty-three genotypes (0.08) were not classified into the six common haplotype groups, five of which were due to missing data, and the remaining genotypes contained rare haplotypes and were omitted from further analysis ( Supplemental  Table S1 ). Hap1 was the most common SNP haplotype across the IRRI 3K panel, consisting of 1331 genotypes. This haplotype was further divided into Hap1-sd and Hap1-WT based on the presence or absence of the 383-bp deletion in the 3K SNP data. Forty-six genotypes could not be assigned to either the Hap1-sd or Hap1-WT groups because the presence or absence of the deletion was unclear. These genotypes were omitted from subsequent analysis, leaving 2723 genotypes. The Hap1-sd contained the deletion and consisted of 396 genotypes: 92% were of indica ancestry, 6% were of japonica ancestry, and 2% were of admixtures (Supplemental Table S1 ). The Hap1-sd contained known semidwarf varieties including Cypress, Lacassine, and IR64. The Hap1-WT allele did not contain the deletion and had a functional allele at the SD1 locus. It was present in 889 genotypes, of which, 97% were of Indica ancestry and 3% were of admixed.
A subset of five SNPs was identified that could accurately assign all the genotypes into the correct SNP haplotype group based on their 86 SNP assignment. However, the functional 383 bp deletion was not in LD with any SNPs in the gene region; therefore, Hap1-sd and Hap1-WT were not distinguishable from each other with this subset of five SNPs. To identify a SNP that can distinguish these haplotypes, flanking SNP data was explored to identify a SNP in LD with the deletion allele. A SNP, 33 kb away from the SD1 gene, at position 38,418,739 of IRGSP V.1 was identified to be in strong LD with the deletion allele (r = 0.82). This SNP was classified as SNP6 in the minimum SNP set. This set of six SNPs was subsequently used to represent the haplotypes defined in the SD1 gene (Fig. 1a ). SNP6 correctly identified the sd1 semidwarf allele across the entire 3K panel. Among genotypes with the nondeletion allele, SNP6 accurately classified 97% of the genotypes. The 78 genotypes (3%) that are incorrectly characterized as having the sd1 semidwarf allele based on SNP6 belonged to the indica varietal group. They are from South and Southeast Asia and are not expected to be present within US germplasm. Within Japonica varietal group, SNP6 was perfectly (r = 1) associated with deletion and nondeletion allele of SD1 locus. Therefore, SNP6 (38,418,739) is a strong candidate for use in US germplasm in determining the presence of the sd1 semidwarf allele.
The Hap2 group was the predominant haplotype group among genotypes with japonica ancestry, accounting for over 90% of japonica-type genotypes. Hap3 through Hap6 were less common, ranging from 161 genotypes in Hap3 to 52 genotypes in Hap6. These haplotype groups contained very few japonica genotypes (Fig. 1a) . A multiple sequence alignment analysis demonstrated that Hap1-sd and Hap1-WT are highly similar with an alignment score of 98. The Japonica (Hap2) and aus (Hap4) haplotypes were the most distinct from Hap1-sd, with alignment scores of 88 and 85, respectively (Fig. 1b ).
Association of sd1 Alleles with Plant Height in the United States Germplasm
A panel of 359 US rice breeding genotypes was compiled that represent historical and modern varieties and modern elite breeding germplasm. The six haplotype SNPs were designed into KASP assays and screened across this panel. Each genotype was assigned to a haplotype group based on the alleles across the six SNPs. Only two haplotype groups were initially observed, the Japonica haplotype (Hap2) and the semidwarf deletion haplotype (Hap1-sd). Hap1-sd and Hap2 were present in 245 and 114 genotypes, respectively (Fig. 2) . To confirm that the SNP haplotypes are capable to predict the functional 383-bp semidwarf allele accurately, the US germplasm panel was screened with a gel-based InDel marker that surveyed the 383-bp deletion (Supplemental Table S2 ). The functional InDel marker was screened across 330 genotypes and there was a perfect correlation between the InDel and SNP6 alleles (Fig. 2) . This demonstrates that the SNP haplotype characterization correctly classified the haplotypes and that SNP6 can differentiate the sd1 deletion semidwarf allele from all other alleles present in US rice germplasm.
We next evaluated the phenotypic association of the sd1 Hap1-sd and Hap2 alleles across 359 genotypes from the US breeding panel using 2 yr of plant height field data. The average plant height of the panel across both years was 100 cm with a standard deviation of 9.5 cm and a range from 82 cm to 161 cm. Analysis of variance resulted in a highly significant effect of the sd1 haplotype for plant height. SNP6 explained 17% of the phenotypic variation within US long-grain genotypes. Genotypes with homozygous allele A had an average plant height of 106 cm, while genotypes with homozygous allele G had an average height of 97.8 cm (Fig. 3) .
Within the modern southern US medium-grain germplasm, sd1 haplotype alleles did not have a significant effect on plant height. All modern US mediumgrain germplasm is of semidwarf stature, averaging 94.8 cm. Hap1-sd was observed in 18 genotypes, and Hap2 was observed in 13 genotypes. The average height of each class was 94.8 and 94.7 cm, respectively. This observation suggests that there may be an additional semidwarf gene or a different semidwarf allele of the SD1 gene present within the US medium-grain germplasm.
Exploration of Medium-Grain Allele
To investigate the semidwarf phenotype within the medium-grain germplasm, a RIL population derived from the cross of Trenasse and Jupiter was used. Trenasse is a semidwarf, long-grain variety that contains the sd1 deletion allele (Hap1-sd). Jupiter is a semidwarf, medium-grain variety that contains the tall Hap2 allele. We hypothesized that Jupiter either contains a semidwarf gene different from SD1 or a different semidwarf allele of the SD1 gene. This RIL population segregated at the SD1 locus (SNP6), but the difference in plant height between the two alleles was significantly less than what was observed in the MY2 RIL population segregating for the sd1 deletion allele, as presented in results (Supplemental Fig. S1 ). The average height of the RILs with the Trenasse allele was 94 cm, and the average height of the RILs with the Jupiter allele was 98 cm. This observation suggested that Jupiter contains a different semidwarf sd1 allele that is allelic to the deletion allele.
To investigate the presence of an additional sd1 semidwarf allele in Jupiter, resequencing data from Duitama et al. (2015) was analyzed. Of the 54 accessions in this resequenced dataset, 17 overlapped with the US germplasm panel used in this study. Based on the minimum SNP set evaluation, four of these 17 accessions were expected to have the wild-type, tall SD1 allele (Jazzman, Francis, Wells, and Jupiter), while the other 13 had the sd1 semidwarf allele. There were 67 SNPs observed in the Duitama et al. (2015) dataset in the SD1 region that were polymorphic across the 17 varieties, and just one SNP locus had an allele that was unique to Jupiter. This SNP was located at position 38,383,363 of IRGSP V.1 (SNP7) of chromosome (Chr.) 1. Jupiter contained a T allele, and all other genotypes contained a C allele. This SNP was added to the minimum SNP set as SNP7. When surveyed in the IRRI 3K data, SNP7 was observed to be polymorphic with the Jupiter allele (T) found in only six genotypes (M7, Thaiperla, Harra, . All these varieties belong to the temperate japonica subpopulation and four of these varieties (M7, S-201, Thaiperla, and S-102) are medium-and shortgrain rice from California. Sakha-102 is a medium-grain from Egypt and Harra is a medium-grain variety from Australia. Pedigree information of M7, S-201, and S-102 was available and revealed that these genotypes can be tracked back to Calrose76, which is a known semidwarf variety that contained an induced mutation at the SD1 locus that results in a semidwarf phenotype (Rutger et al., 1977) .
The identified SNP7 was compared with the published functional mutation of the Calrose76 allele and observed to be the same SNP (Spielmeyer et al., 2002) . The Calrose76 SNP7 was designed into a KASP assay to be screened across the RIL population and the US breeding germplasm panel. The SNP segregated in the RIL population and was in perfect LD with the sd1 deletion tracking SNP6 as expected.
The SNP7 was then tested across the US breeding panel and was observed to be fixed for the wild-type C allele among the long-grain germplasm. Within the medium-grain germplasm, both alleles of SNP7 were observed, and all genotypes with the semidwarf (Cal-rose76) allele at SNP7 contained the wild-type allele at SNP6. The Calrose76 allele was also present within the two short-grain genotypes included in the breeding panel ( Fig. 2 ; Supplemental Table S2 ).
It is concluded that there are three functional alleles of SD1 present in US rice germplasm. Hap1-sd is a semidwarf allele that contains the 383-bp deletion and is present in both long-and medium-grain germplasm. Hap2 is a wild-type tall allele that is present within longgrain germplasm. Hap2-sd is a semidwarf allele that is present within medium-grain germplasm and contains the induced mutation initially developed in Calrose76. Together, these three haplotype groups explained ~22% of the phenotypic variation in the plant height of the US germplasm panel genotypes (Fig. 4) . The variance explained across the breeding germplasm is lower than what is observed in biparental populations (discussed below) because of the quantitative nature of the trait and the presence of other smaller effect loci. 
Effect of the SD1 Locus in Biparental Population
The long-grain RIL population, MY2, was used to quantify the effect of the deletion in the SD1 locus when the semidwarf Hap1-sd allele is segregating with the tall, wild-type allele, as is common in US long-grain breeding crosses. Based on 4 yr of phenotypic data, the population ranged from 69 to 133 cm with a mean and standard deviation of 100 and 9.5 cm, respectively. The phenotypic correlation coefficient across years ranged from 0.67 to 0.90. The tall parent, LaGrue, had an average height of 99 cm, while the semidwarf parent, Cypress, had an average of 89 cm plant height across the years. The Hap1-sd specific SNP6 explained 65% of the plant height variation among the RIL population. The mean plant height of the RILs with the semidwarf allele of SNP6 was 93 cm compared with the mean height of 112 cm for RILs with the wild-type tall allele (Fig. 5 ).
Quantitative Trait Loci Mapping in Biparental Population
To further explore the genetic architecture of plant height within US long-grain germplasm, QTL analysis was conducted in the MY2 population using plant height data from two locations over 4 yr (Supplemental Fig. S2) . A major QTL PH1.1 was detected on Chr. 1, spanning the SD1 gene with a LOD score of 84.25 and explaining 61% of the phenotypic variation. This QTL was detected with a large effect in each individual year and location. Phenotypic variation ranged from 42 to 59% over 4 yr ( Supplemental Table S3 ).
In addition to the major QTL PH1.1 at the SD1 locus, QTLs were detected on Chr. 2 (PH2.2), Chr. 7 (PH7.1), and Chr. 8 (PH8.2), and two QTLs (PH3.1 and PH3.2) were detected on Chr. 3. (Supplemental Table S3 ). The allele from the tall parent, LaGrue, conferred shorter plant height at the PH3.1 and PH3.2 QTLs. The QTL PH3.1 on Chr. 3 at 35,458,115 (IRGSP V.1) had a LOD score of 9.56 and explained 3.64% of the phenotypic variation.
When dividing the RILs based on their allelic state at the SD1 locus (PH1.1), the RILs with the Cypress allele at PH1.1 had an average height of 93 cm and the RILs with the LaGrue allele had an average height of 112 cm. When QTL analysis was conducted separately within each group, the PH3.1 QTL had little effect within the RILs with the tall (LaGrue) SD1 allele at PH1.1. However, within the RILs that contained the semidwarf Cypress allele at the PH1.1, the PH3.1 QTL had a significant effect with a LOD score of 4.4 and explained 23% of the phenotypic variance within this group (Supplemental Fig. S3 , Supplemental Table 4S ). When combining the PH3.1 with the sd1 PH1.1 QTL, the RILs can be classified into four genotypic classes that differ in plant height. The RILs with the Cypress allele at PH1.1 and the LaGrue allele at the PH3.1 (CPRS/LGRU) had an average height of 88 cm compared with 96 cm for lines with the Cypress allele (CPRS/CPRS) at both loci (Supplemental Fig. S4 ). The RILs with the LaGrue allele at the PH1.1 and at the PH3.1 (LGRU/LGRU) had an average height of 111 cm. The RILs with the LaGrue allele at the PH1.1 and the Cypress allele at PH3.1 (LGRU/CPRS) had an average height of 113 cm. Thus, when selecting for semidwarf plant type, selecting on both the loci simultaneously can effectively reduce plant height.
Technical Performance and Validation of Trait Single Nucleotide Polymorphisms SNP6 and SNP7 have demonstrated to be effective in differentiating the three SD1 haplotypes present in US rice germplasm and, therefore, have utility in applied breeding. To ensure each SNP provides high-quality genotyping results for high-throughput molecular breeding activities, the technical performance of the KASP assays of each SNP was tested. Each assay was tested with three replicates across the breeding germplasm panel and a plate of F 1 populations that included all three genotypic classes to evaluate SNP clustering in the presence of heterozygous plants. Each assay provided >99% data return and consistent allele calls across replicates. They also exhibited clear and distinct clusters that we were able to auto-score the data points (Supplemental Fig. S5.) .
DISCUSSION
This research uses an effective approach to leverage the wealth of publicly available genetic resources in rice while having a direct focus on germplasm of relevance to a given breeding program. A common limitation to the use of publicly developed resources for a specific breeding program is that it is not practical to include all the representative germplasm for every breeding program. The IRRI SNP-Seek database is an excellent resource, in that it includes over 3000 diverse rice accessions that represent the genetic diversity of global rice. The database is easy to access and use for an applied breeding program and contains various filtered SNP sets.
In this study we used the 18M (3 kbase) SNP set and characterized the haplotypes present at the SD1 locus. By focusing on haplotypes present at a frequency of >0.015, the number of haplotypes was manageable for subsequent analysis within our target breeding germplasm. With this approach, we assume that any of the haplotypes present in the elite US rice breeding germplasm is represented in the IRRI SNP-Seek database at a frequency of >0.015. By characterizing the haplotypes based on the IRRI SNP-Seek database, we were able to obtain very high resolution of the haplotypes present in diverse rice germplasm. Once the haplotypes are characterized with the high resolution of SNPs, a subset of SNPs that effectively differentiate the haplotype alleles can be selected. These SNPs can subsequently be developed into single SNP assays and screened across a representative panel of germplasm for the target breeding program. We identified six haplotypes, based on 86 SNPs in the SD1 gene, that accounted for 0.92 of the 3024 genotypes in the SNP-Seek dataset. We were able to distinguish all the haplotypes with a set of six SNPs. These SNPs were subsequently screened as KASP assays on a panel of germplasm consisting of 359 southern US rice breeding genotypes. Based on the allele profile at these six SNPs, we assigned the haplotype classes to the US germplasm, providing resequence level resolution to our target germplasm. This approach is of use in an applied breeding program, as the resources are often not available to sequence all the relevant breeding germplasm, which changes over time.
Three haplotype alleles were identified in the US germplasm, a tall allele (Hap2) and two semidwarf alleles. Two SNPs (SNP6 and SNP7) were identified and demonstrated to differentiate the three haplotypes; SNP6 perfectly differentiates genotypes with the semidwarf deletion allele, and SNP7 identifies the Calrose76 semidwarf allele. Validation and association of these haplotype SNPs with phenotype was conducted using a US germplasm panel and biparental RIL populations.
The validation of these SNPs across the panel of germplasm that represent the modern US breeding germplasm provides us with strong confidence that these SNPs will accurately call the alleles in any future breeding populations created from parents that are included in this panel.
Although this marker development strategy focused on the well-characterized SD1 gene, the approach is not limited to known genes or to genes with known functional polymorphisms. This approach is effective for any locus in which a large-effect gene or QTL has been delimited to a region with strong LD across the target region. The decay of LD varies significantly across the genome and is germplasm dependent, thus the necessary size of the mapped region will vary based on the region and target germplasm. In our elite breeding germplasm, we have successfully used this approach for regions as large as 450 kb. In diverse germplasm, the LD would typically decay at a much faster rate and this approach likely would be limited to more targeted regions (<50 kb).
The identification of the Calrose76 semidwarf allele in the southern US medium-grain germplasm was unexpected based on pedigree, as none of southern US medium-grains had Calrose76 in their reported pedigrees. It was observed that Jupiter and other semidwarf medium-grain genotypes did not contain the sd1 deletion allele. Based on the pedigree of Jupiter (Bengal/ Rico1/3/Bengal//Mercury/Rico1), the semidwarf trait could have been inherited from 'Bengal' or Mercury (Supplemental Fig. S6 ). Bengal contained the deletion allele in this study, as was expected by its pedigree. This observation indicates that Jupiter inherited the semidwarf trait from Mercury. Mercury has the pedigree ('Short Mars'/'Nato') and inherited the semidwarf trait from Short Mars. The semidwarf trait in Short Mars was initially reported as an induced mutation, but it was suspected to have outcrossed (McKenzie et al., 1988) . The observations in this study suggest that Short Mars did not have a unique semidwarf mutation, but indeed resulted from an outcrossing event to Calrose76. Subsequent literature review identified a similar finding demonstrating the source of the Short Mars semidwarf allele was Calrose76 (Kim et al., 2009) .
Although both semidwarf alleles confer a semidwarf phenotype, the RILs with the Calrose76 allele were on average five cm taller than those with the deletion allele. Additionally, the sd1 deletion allele has recently been reported to be linked to reduced fissuring within US long-grain germplasm (Pinson et al., 2018) , so pleiotropy and linkage may need to be considered when determining whether one allele is more or less desirable.
Although the SD1 locus explains a large portion of the phenotypic variance for plant height within the long-grain MY2 RIL population, PH3.1 QTL explained 23% of the phenotypic variance within the RILs that were fixed for the semidwarf Cypress allele at the SD1 locus. However, this QTL had a small effect within the RILs that contained the tall LaGrue allele at the SD1 locus. Future research is needed to determine if the PH3.1 QTL has a similar effect across all US breeding germplasm, to further map the QTL region, and to develop SNP markers that may be useful for selection in applied breeding programs.
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